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Peritoneal dialysis (PD) is limited by chronic fibrotic
remodeling of the peritoneal wall, a transforming growth
factor-p (TGF-P)-mediated process. The fractalkine
(CX3CL1) receptor CX3CR1 is expressed on macrophages
and monocytes, where it is a marker of TGFf} expression.
Detection of its ligand CX3CL1 on the peritoneal
mesothelium led us to hypothesize a pathophysiologic role
of CX3CL1-CX3CR1 interaction in peritoneal fibrosis. We
found that CX3CL1 was expressed on peritoneal
mesothelial cells from PD patients and in a murine PD
model. CX3CR1, mostly expressed on macrophages in the
peritoneal wall, promoted fibrosis induced by chronic
dialysate exposure in the mouse model. Our data suggest a
positive feedback loop whereby direct interaction with
CX3CR1-expressing macrophages promotes mesothelial
expression of CX3CL1 and TGFf expression. In turn, TGFf3
upregulates CX3CR1 in murine and human monocytic cells.
Upstream, macrophage cytokines including interleukin-1f3
(IL-1B) promote mesothelial CX3CR1 and TGF[3 expression,
providing a starting point for CX3CL1-CX3CR1 interaction.
IL-1B expression was enhanced by exposure to dialysate
both in vitro and in the mouse models. Our data suggest
that macrophage-mesothelial cell crosstalk through
CX3CR1-CX3CL1 interaction enhances mesothelial TGFf
production, promoting peritoneal fibrosis in response to
dialysate exposure. This interaction could be a novel
therapeutic target in PD-associated chronic peritoneal
fibrosis.
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Translational Statement

The interaction of the stalked chemokine CX3CL1 on
peritoneal mesothelium with its receptor CX3CR1 on
macrophages promoted chronic inflammation and
fibrosis in a peritoneal dialysis mouse model. Both the
receptor and its ligand were detected on human peri-
toneal cells and similarly regulated, consistent with
parallel mechanisms. Now more extensive human
studies for association with peritoneal function should
be undertaken. Therapeutically, our mechanistic data
propose that i.p. extracellular inhibition of receptor-
ligand interaction suffices to prevent its profibrotic ef-
fect, a hypothesis that needs to be tested with an
appropriate agent starting in an animal setting.

capacity is a main challenge for improvement of perito-

neal dialysis (PD), which is currently used as renal
replacement therapy by approximately 11% of patients world-
wide."” Risk factors for deterioration of peritoneal function are
time on dialysis, glucose concentration in dialysis solutions, and
peritonitis episodes.”® The peritoneal wall contains a dense
network of capillaries required for solute exchange and is
covered by a layer of mesothelial cells.”* This architecture is
damaged in peritoneal fibrosis, a chronic transforming growth
factor (TGF)-B-mediated remodeling.“’ However, how meso-
thelial cell interaction with other peritoneal wall cells modulates
fibrosis is incompletely understood.

Macrophages are among the most common leukocytes in
the resting peritoneal cavity.”'’ Their numbers further in-
crease in peritoneal fibrosis in humans and mice, and the cells
become activated.'' An increase of profibrotic macrophage
subtypes'” was reported in human PD effluents'” and a
mouse model of PD."* Leukocytes numbers increase not only
in the cavity but also within the peritoneal membrane after
short-term stimulation.'”'® Inflammatory cytokines such as
interleukin (IL)-1B'®"" contribute to macrophage accumu-
lation and effector functions in acute peritoneal inflamma-
tion. In contrast, much less is known about myeloid cell
interaction with the mesothelium during chronic exposure to
dialysis solution as it occurs in PD.

P reservation of peritoneal transport and ultrafiltration
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Fractalkine receptor CX3CR1 is a leukocyte surface protein
that is most abundant on monocytes and macrophages in
various organs.'®'” It is differentially expressed on monocyte
subtypes and regulated during human macrophage differentia-
tion. Beyond a role in monocyte adhesion and recruitment,
CX3CRI is a marker of monocytic cells producing the profi-
brotic mediator TGF-B.ZO However, its mechanistic role in
fibrosis is controversial, with profibrotic functions®'™* and
antifibrotic functions”*° depending on the organ and type of
injury. For example, after muscle injury, complete CX3CR1
deficiency protected from necrosis, but ablation of
CX3CR1™MH_expressing macrophages aggravated the injury.”’
Conversely, an increase in proinflammatory macrophages was
detected in the absence of CX3CR1 in the majority of® but not
in all*>** reports. CX3CR1 is also expressed on other leukocytes.
We recently found that TGF-P upregulates CX3CRI in T cells.”
Similar TGF-B effects have been described in glial differentia-
tion’””" and in mesangial cells.”” Regulation by TGF- in
monocyte-derived macrophages and a mechanistic role of
CX3CRI in peritoneal fibrosis have not been reported.

The CX3CR1 ligand, the chemokine CX3CL1 (fractal-
kine), mostly has been investigated in endothelium,
epithelium, and fibroblasts, where it was regulated by
proinflammatory and profibrotic cytokines.””’* It exists in
2 forms, a soluble factor and a mucin-stalked cell-surface
protein."” CX3CL1 has been detected in human peritoneal
cells’° and in the peritoneal cavity during bacterial
peritonitis in mice.”” Mechanisms of CX3CL1 regulation in
the mesothelium and its impact in peritoneal fibrosis are
not currently known.

The detection of peritoneal mesothelial CX3CL1 after
chronic exposure to dialysis solution in vivo prompted this
investigation of the regulation and pathophysiologic rele-
vance of CX3CL1-CX3CRI1 interaction in peritoneal
fibrosis.

RESULTS

Peritoneal dialysis and proinflammatory cytokines increase
peritoneal mesothelial CX3CL1 expression

To investigate regulation and role of CX3CL1 and its receptor
CX3CR1 in PD-induced chronic fibrosis, wild-type mice un-
derwent a 6-week course of daily peritoneal instillation of sterile,
pyrogen-free PD solution for human use. A subcutaneous access
port was used to avoid repeat damage to the peritoneal wall."’
Identically treated CX3CRI-deficient (CX3CRI™") mice on
the same C57BL/6] background™ served as controls. Body
weight, spleen weight, and full blood counts were very similar in
the groups (Supplementary Table SI).

In PD-treated mice, CX3CL1 was found on the meso-
thelial lining of the murine peritoneal cavity that stained
for mesothelial markers (Figure 1a). In the absence of its
receptor,39 soluble CX3CLI1 in the lavage was above the
detection limit and its concentration significantly increased
with PD (Figure 1b). PD fluid did not directly affect
CX3CL1 production by mesothelial cells (Supplementary
Figure S1). Therefore, the roles of cytokines previously
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described to modulate CX3CLL1 in other cell types, namely
IL-1B, tumor necrosis factor (TNF)-a, interferon-y, and
TGE-B°**>7** were investigated in mesothelial cells.
TGE-B, IL-1B, TNF-a, or interferon-y alone had little effect
on CX3CL1 mRNA expression in murine mesothelial cells
or endothelium used as positive control (Figure 1c and d).
However, IL-1f and TNF-o. combined significantly
enhanced CX3CL1 expression. Combined cytokine effects
were further amplified by TGF-B. CX3CL1 regulation in
mesothelial cells was more marked than in endothelium, a
cell type that has been intensely studied for this chemokine.
Effects on fibroblasts as another possible CX3CL1 source in
the peritoneal wall were even more moderate (Figure le).
CX3CL1 protein secretion paralleled the mRNA results
with strongest effects of IL-1f and TNF-0, together with
TGF-B in mesothelial cells (Figure 1f and g). Confocal
microscopy of control and cytokine-stimulated peritoneal
mesothelial cells was consistent with a parallel increase of
CX3CL1 surface expression (Figure 1h).

The data identify peritoneal mesothelium as a significant
source of CX3CL1 with a strong upregulation in response to
inflammatory cytokine stimulation.

CX3CR1 promotes chronic peritoneal fibrosis

To test for a function of CX3CRI in dialysis-associated chronic
fibrosis, peritoneal thickness was assessed in mice exposed to
PD solution (Figure 2a). After therapy, the peritoneum in wild-
type mice was significantly thicker than in identically treated
CX3CRI™" controls by Masson’s trichrome stain with an
intermediate phenotype in CX3CRI™" mice (Figure 2b). By
picrosirius red collagen stain, no increase was observed if mice
were treated with sterile normal saline solution after catheter
implantation. However, in mice treated with PD solution,
thickness increased significantly more in wild-type than in
CX3CRI17~ animals (Figure 2c¢).

We investigated underlying mechanisms. The vast majority
of CX3CR1™" cells in the peritoneal wall were of myeloid
origin, namely macrophages (Supplementary Figure S2).
CX3CR1 modulates leukocyte numbers and cell death in
some pathophysiologic situations.'” Macrophage apoptosis
induced by serum starvation was unaffected by TGF-f} and
CX3CL1 (Supplementary Figure S3). This outcome was very
similar in wild-type and CX3CRI™" cells, in agreement with
published data.”” Monocytic cell generation was studied next.
Bone marrow myeloid progenitor numbers were very similar
in resting and PD solution—exposed mice irrespective of
CX3CR1 (Supplementary Figure S4). Bone marrow—derived
macrophage proliferation was investigated in the presence
and absence of TGF-f and CX3CL1 (Supplementary
Figure S5). Wild-type macrophages proliferated more. This
difference was unaffected by the cytokines. Also in vivo, Ki67
cell proliferation marker was expressed at higher levels in
wild-type than in CX3CRI™~ blood monocytes upon expo-
sure to PD solution (Supplementary Figure S6). However, this
outcome did not translate to enhanced myeloid cell Ki67 in
the peritoneal wall (Supplementary Figure S6C and F), and
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Figure 1| Peritoneal mesothelial CX3CL1 is upregulated by peritoneal dialysis (PD) therapy and proinflammatory cytokines. (a,b)
Wild-type and CX3CR1™" mice were treated with peritoneal dialysis solution daily for 6 weeks. (a) Confocal microscopy of the peritoneal
membrane after immunostaining with 4’,6-diamidino-2-phenylindole (DAPI) nuclear counterstain (blue, bar = 50 pm). CX3CL1 and
mesothelial markers e-cadherin and pan-cytokeratin localized to the inner peritoneal layer of cells in PD-treated wild-type mice (green,
typical examples, original magnification x63). (b) CX3CL1 concentration was determined in the peritoneal lavage (n = 4 control [ctr], n =8
PD CX3CR1~~ mice). (c-e) Murine endothelial (c) and peritoneal mesothelial cells (d) and fibroblasts (e) were stimulated with interferon (IFN)-
Y (10 ng/ml), interleukin (IL)-1B (10 ng/ml), tumor necrosis factor (TNF)-a (10 ng/ml), transforming growth factor (TGF)-B1 (10 ng/ml),
combinations thereof, or carrier protein control. CX3CLT mRNA expression was assessed after 4 hours (mouse cardiac endothelial cells, n =
6-10 from 3-5 independent experiments; murine peritoneal mesothelial cells, n = 4-10 from 2-5 experiments; fibroblasts, n = 8 from 4
experiments; Dunn’s tests after analysis of variance). (f,g) CX3CL1 concentrations in endothelial cell (f) and mesothelial cell (g) supernatants
after 24 hours were determined by enzyme-linked immunosorbent assay after 4 hours of cytokine stimulation (n = 3 independent
experiments). (h) Mesothelial cells with and without stimulation were stained for CX3CL1 (blue = DAPI nuclear stain, original
magnification x63, bars = 100 and 10 um). ab, antibody. To optimize viewing of this image, please see the online version of this article at
www.kidney-international.org.

wall leukocyte numbers were independent of CX3CRI1 after
PD (Supplementary Figure S7) and also after initial exposure
to PD solution (Supplementary Figure S8). Blood monocyte
subpopulations differed between wild-type and CX3CR™~

Kidney International (2019) 95, 1405-1417

mice. This phenotype was unaltered by PD (Supplementary
Figure S9). Overall, these data suggest that other mecha-
nisms than direct myeloid cell number changes are respon-
sible for the increase in peritoneal fibrosis.
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Figure 2| The absence of CX3CR1 attenuates peritoneal dialysis (PD) fluid-induced chronic peritoneal fibrosis in vivo. (a-f) Wild-type
(wt) CX3CR1™~ and CX3CR1™”~ mice were treated with PD solution or control normal saline solution (NaCl) as indicated daily for 6 weeks.

(a—c) Peritoneal membrane thickness was determined after Masson’s trichrome and picrosirius red staining (a, examples, bars = 50 pm).

(b,c) Statistical analysis of average per animal Masson'’s trichrome (b, Bonferroni after analysis of variance [ANOVA], n = 6, 13, 16 per genotype,
3-4 independent experiments) and of picrosirius red staining (¢, n = 3-4 control [ctrl]] and 7 and 9 PD animals, Bonferroni after ANOVA). (d,e)
CX3CR1 surface expression on live inner peritoneal wall CD11b™ cells assessed by flow cytometry. Mean fluorescence intensity (MFI, d) and
percentage of high-expressing cells (e) are shown for wt mice after PD and untreated ctrls (n = 4-5, t-tests). (f) The proportion of green fluorescent
protein (GFP) reporter gene high-expressing cells was assessed in CX3CR1°74 reporter mice (t-tests, n = 7-12 from 3 independent experiments).
To optimize viewing of this image, please see the online version of this article at www .kidney-international.org.

CX3CR1 expression level in individual cells may modulate
their impact on disease. In animals treated with PD solution,
CX3CR1 increased significantly in peritoneal wall macro-
phages (Figure 2d and e). A very similar result was obtained
for CX3CR1 reporter gene expression (Figure 2f). This
outcome occurred despite the fact that direct exposure to PD
solution rather downregulated CX3CR1 expression in mouse
bone marrow—derived and primary peritoneal macrophages
in vitro (Supplementary Figure S10).

These data demonstrate a profibrotic function and upre-
gulation of CX3CR1 in peritoneal fibrosis in vivo.

Fibroblasts and TGF-p upregulate CX3CR1 in vitro

Upregulation and the profibrotic role of fractalkine re-
ceptor CX3CR1 in the peritoneum in vivo prompted us to
investigate possible mediators of CX3CRI regulation in
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fibrosis. To test the role of fibroblasts as putative CX3CR1
upregulators, co-culture with macrophages was used. In
direct and transwell co-culture, fibroblasts enhanced
macrophage CX3CR1 reporter gene expression (Figure 3a
and b). Inhibition of TGF-B1 receptor signaling attenuated
this upregulation (Figure 3c). Direct addition of TGF-B
significantly increased CX3CRI1 reporter gene expression
(Figure 3d), also in serum-free media, avoiding effects by
TGF-P contained in fetal calf serum (Figure 3e). Similarly,
CX3CR1 mRNA expression in wild-type bone marrow was
upregulated by TGF-B dose and time dependently
(Figure 3f). Human monocytes are subdivided into 3
subpopulations by surface expression of CD14 and CD16,*
with CX3CR1 expression characteristic of CD147CD16™
cells (Figure 3g). TGF-B significantly enhanced surface
CX3CR1 expression on this subtype (Figure 3h).

Kidney International (2019) 95, 1405-1417
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Figure 3J Fibroblasts and transforming growth factors (TGF)-f induce CX3CR1 expression in murine and human myeloid cells. (a,b)

CX3CR1T

~ and CX3CR1™~ bone marrow-derived macrophages were co-cultured for 24 hours with 3T3 fibroblasts in direct contact and in

transwells (tw). CX3CR1 reporter expression as percentage (a) and mean fluorescence intensity (MFI; b) (n = 6, 3 independent experiments,
Dunnett’s test after analysis of variance [ANOVAY]). (c) SMAD3 inhibitor (SB431542, 5 [t\M) or dimethylsulfoxide (DMSO) control were applied during
tw co-cultures of CX3CR1™~ and CX3CRT”~ bone marrow-derived macrophages with fibroblasts (representative examples of n = 4 from 2 in-
dependent experiments). (d) CX3CR1"~ and CX3CR7™~ bone marrow-derived macrophages were stimulated with 10 ng/ml TGF-8 and
percentage and MFI of CX3CR1-driven green fluorescent protein (GFP) quantified (n = 4 from 2 independent experiments, paired t-tests). (e)
CX3CR1™~ bone marrow macrophages were stimulated with TGF-B in the indicated concentrations for 20 hours in Roswell Park Memorial Institute
medium in the absence of fetal calf serum and CX3CR1 reporter expression determined (percentage and MFI, n = 2, test for a linear trend after
ANOVA). (f) CX3CR1 mRNA expression in wild-type bone marrow cells in response to indicated times and concentrations of TGF-B (1 of 2 ex-
periments with parallel results). (g,h) Human peripheral blood monocytes were stimulated with 1 ng/ml TGF- for 2 hours and CX3CR1 surface
expression on CD147CD16™ cells (group Il in g) was assessed by flow cytometry (h, n = 12 donors from 4 independent experiments, paired t-test).

These results show that TGF-[ increases murine and hu-
man myeloid cell CX3CR1 expression.

Macrophage-mesothelial cell interaction upregulates
mesothelial TGF- and CX3CL1 expression in a
CX3CR1-dependent manner

Given the upregulation of macrophage CX3CR1 by TGF-f,
mesothelial cell TGF-B production was studied. Sterile PD

Kidney International (2019) 95, 1405-1417

solution did not alter its expression (n = 4, data not shown).
However, a combination of IL-1P, TNF-a, and TGF-f
significantly enhanced mesothelial cell TGF-B production
(Figure 4a).

Macrophages and mesothelial cells are located in close
proximity in the peritoneum. Macrophages produced more
IL-1B in direct co-culture with mesothelial cells (Figure 4b
and c). This outcome depended on direct cellular contact, as
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Figure 4| Cytokines and CX3CR1™ macrophages promote mesothelial transforming growth factor (TGF)-f8 and CX3CL1 expression.
(@) Murine peritoneal mesothelial cells (MPMC) were stimulated with interleukin (IL)-1B (10 ng/ml), tumor necrosis factor (TNF)-a (10 ng/
ml), or TGF-B (10 ng/ml), combinations thereof, or carrier protein control. TgfbT mRNA expression was assessed after 4 hours (n = 6-10
from 3-5 independent experiments, Dunn’s tests after analysis of variance). (b-i) Direct and transwell co-culture of macrophages and
mesothelial cells for assessment of cytokine production. (b-e) IL-18, TNF-a, and TGF- expression in bone marrow-derived

macrophages after 24 hours of direct (c) or transwell (e) co-culture with MPMC or controls (n = 5 independent experiments, paired t-tests).
(f-i) MPMCs were incubated directly (f,g) or in transwells (h,i) with bone marrow-derived macrophages as depicted in (b) and (d).

MPMC TGF-f (fh) and CX3CL1T mRNA expression (g,i) was determined by quantitative polymerase chain reaction (qPCR) after cell

sorting (n = 4 independent experiments, paired t-tests). FACS, flow cytometry; HPRT, hypoxanthine-guanine phosphoribosyltransferase;

Mph, macrophage.

demonstrated by transwell cultures (Figure 4d and e). These
results propose macrophage IL-1f3 as a promoter of meso-
thelial TGF-f in peritoneal fibrosis. This hypothesis was
tested in direct and transwell co-cultures (Figure 4). Direct
co-cultures with macrophages induced TGF-f and CX3CLI1
mRNA expression in mesothelial cells (Figure 4f and g).
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However, this increase of TGF- and CX3CL1 was completely
abrogated in transwells (Figure 4h and i), which is consistent
with a lack of macrophage IL-1f.

To determine a role of CX3CR1 in this process, wild-type
and CX3CRI™" macrophages were compared. Macrophage
IL-1B, TNF-a, and TGF-B expression were independent of

Kidney International (2019) 95, 1405-1417
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CX3CR1 in this setting (Supplementary Figure S11). How-
ever, CX3CR1" cells induced significantly more mesothelial
TGF-B and CX3CL1 expression in otherwise identical con-
ditions than did control cells from CX3CRI™" mice
(Figure 4f,g). These data suggest that macrophage CX3CR1 in
direct cellular contact promotes mesothelial cell TGF-B and
CX3CL1 expression.

PD fluid upregulates macrophage IL-18 production
in vitro and in vivo
PD solution was investigated as a possible trigger of macro-
phage cytokine production. It significantly increased IL-1
mRNA expression in both bone marrow—derived and primary
peritoneal macrophages (Figure 5a—c), whereas no increase in
either TNF-o. or TGF-P occurred. Increased secretion of
IL-1B protein was detected by enzyme-linked immunosorbent
assay (Figure 5d). To test for underlying mechanisms, PD
solution components were investigated. A high glucose level
increased IL-1f expression and methylglyoxal, a glucose
degradation product’' at a high concentration, tended to
increase IL-1B, but not a pH of 5 or lactate (Figure 5e). Also
in vivo, PD fluid compared with saline solution increased
peritoneal IL-1P protein concentration. The increase was
significantly stronger in wild-type than in CX3CR™~ mice
(Figure 5f).

Taken together, these data propose glucose-mediated
upregulation of macrophage IL-1P expression as an initial
step in PD fluid—induced peritoneal fibrosis.

CX3CL1 is upregulated by inflammatory cytokines in human
mesothelial cells and during peritoneal dialysis in vivo

To study the situation in human PD, peritoneal cells were
recovered from the dialysate. Peritoneal macrophages signif-
icantly expressed the CX3CL1 receptor CX3CR1 in human
PD (Figure 6a). In parallel to the murine situation (Figure 5b
and ¢), restimulation with PD fluid significantly increased IL-
1 and also TNF-o. expression in human peritoneal macro-
phages (Figure 6b). The CX3CR1 ligand CX3CL1 was
detected on human peritoneal mesothelium identified by
podoplanin expression (Figure 6¢).*> CX3CL1 regulation was
studied further in primary human peritoneal mesothelial cells
from healthy donors. After stimulation with IL-18, TNF-a,
and TGF-B, CX3CLI was significantly upregulated, with a
most marked effect of IL-1B (Figure 6d), which peaked at 4
hours (Supplementary Figure S12). Histologic staining of
human peritoneal membrane sections revealed marked
mesothelial CX3CL1 expression in peritoneal dialysis, while it
was hardly visible on healthy, unstimulated peritoneum
(Figure 6e). Although, similar to the mouse, soluble CX3CL1
within the peritoneal cavity was below the detection limit
(data not shown), serum CX3CL1 levels were significantly
elevated in patients who recently had begun PD compared
with patients who had chronic kidney disease before start of
renal replacement therapy and long-term stable patients un-
dergoing PD (Figure 6f, clinical characteristics in
Supplementary Table S2).
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The impact of these factors on profibrotic mediator
expression in human peritoneal mesothelium was tested next.
IL-1B, TNF-0. and TGF-f together moderately promoted
TGF- expression (Figure 6g). Direct co-culture with human
monocytes effectively promoted TGF-f along with extracel-
lular matrix collagen and fibronectin expression in human
peritoneal mesothelium (Figure 6h).

These results showing human peritoneal CX3CR1 and
CX3CL1 expression in PD in vivo and similar regulatory
mechanisms as in the murine model in vitro suggest that
CX3CL1-CX3CRI interaction is relevant for patients under-
going PD.

DISCUSSION

Our experiments show that CX3CRI-CX3CLI1 interaction
promotes peritoneal fibrosis. The data propose that in
macrophage—mesothelial cell contact, macrophage CX3CR1
and IL-1B enhance mesothelial CX3CL1. In addition,
CX3CRI increases mesothelial TGF-P production that in turn
promotes CX3CR1 on myeloid cells, closing a profibrotic
loop.

CX3CL1 (fractalkine) was upregulated by stimulation in
murine and human peritoneal mesothelium, and increased
CX3CL1 concentrations were detected in sera of patients
undergoing PD. IL-1f was instrumental in CX3CL1 upregu-
lation. Macrophage IL-1 production was enhanced by direct
contact with mesothelial cells. In addition, it was induced in
bone marrow—derived and primary peritoneal macrophages
by PD solution. In more aggressive peritoneal injury models,
such as bacterial peritonitis'® or injection of staphylococcal
lysates,'” exogenous substances induce high amounts of IL-1f
that promote acute fibrosis—for example, peritoneal fibrosis
after exposure to gadolinium-based agents*’ and pulmonary
fibrosis.** The role of CX3CR1 could be further investigated
in such highly inflammatory models that lead to major
mesothelial thickening and ultrafiltration loss; however,
caution is necessary because disease mechanisms may differ
from PD. Still, the moderate macrophage accumulation in the
peritoneal cavity and wall observed with PD'' already am-
plifies the likelihood of macrophage—mesothelial interaction.
Our data illustrate the impact of interactions of macrophages
and mesothelial cells on the TGF-B-mediated remodeling”
in peritoneal fibrosis.

CX3CL1 exists as a stalked and as a soluble cytokine. Our
data show that cellular contact with CX3CR1-bearing macro-
phages significantly promotes mesothelial expression of TGF-f3
and CX3CLl. We and other investigators” found similar
expression of many other cytokines in CX3CR1" and CX3CR1-
deficient macrophages. Our transwell data suggest induction of
close leukocyte—mesothelial contact or even a direct signaling
pathway of stalked CX3CL1 as the underlying mechanism.
Signaling of stalked CX3CL1 remains to be delineated in future
studies and also may be relevant in other cell types.*” In addition
to the chronic peritoneal fibrosis reported here, high mesothelial
CX3CL1 has been found in human peritoneal endometriosis
and peritoneal metastasis.””*® Its functional role in these types of
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Figure 5| Peritoneal dialysis (PD) solution enhances macrophage interleukin (IL)-18 mRNA and protein production. (a-c) PD fluid
(50%) was added to macrophage cultures. Bone marrow-derived (b) and primary peritoneal (c) macrophage culture in full Roswell Park
Memorial Institute medium (RPMI) for 1 to 2 hours and IL-1f, tumor necrosis factor-o, and transforming growth factor-§ expression
determined by quantitative polymerase chain reaction (QPCR) (b, n = 8, 4 independent experiments, Dunnett’s tests after analysis of
variance [ANOVA]J; ¢, n = 5 independent experiments, paired t-tests). (d) IL-1p secretion into the supernatant of primary peritoneal
macrophages was assessed 24 hours after 2 hours of incubation with PD fluid (n = 4 independent experiments, t-test). (e) IL-18 mRNA
expression after 2 hours of incubation with 50% PD fluid, glucose, pH 5.0, lactate, and methylglyoxal at the indicated concentrations (n = 6,
Dunn’s test after ANOVA). (f) IL-1B concentration in the peritoneal lavage after 6-week PD or control saline (NaCl) treatment in wild-type and
CX3CR1™~ mice (n = 3 NaCl, 7-9 PD mice per genotype, Bonferroni after ANOVA). HPRT, hypoxanthine-guanine phosphoribosyltransferase.

peritoneal disease remains to be defined, but our data also
provide possible regulatory mechanisms for these findings.
Our results show that TGF- promotes macrophage
CX3CRI expression, which extends previous observations in
other cell types~” and suggests TGF-B as a mediator of
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macrophage CX3CR1 upregulation in other types of fibrosis
such as scleroderma®® and wound healing.”” Interestingly, a
very recent report mentions high expression of CX3CR1 in
PD effluents detected by gene expression array.'’ This finding
complements our results in human patients in a non-
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Figure 6| CX3CL1 regulation in human peritoneal mesothelial cells and peritoneal dialysis (PD) in vivo. (a,b) Human peritoneal
macrophages were recovered from effluent of patients undergoing PD. (a) Live CD11b"CD14" macrophages were studied for CX3CR1 expression
(example and analysis of n = 9 donors, Mann-Whitney test). (b) Adhesion-enriched peritoneal macrophages were restimulated with PD fluid after
an overnight rest and interleukin (IL)-1B, tumor necrosis factor (TNF)-¢, and transforming growth factor (TGF)-f expression was (continued)

Kidney International (2019) 95, 1405-1417

1413



basic research

A Helmke et al.: CX3CR1 promotes peritoneal fibrosis

hypothesis-driven approach, while our experiments provide
an underlying mechanism of CX3CR1 upregulation and a
rationale for therapeutic implications of their findings.

CX3CRI promoted fibrosis in our model of chronic exposure
to PD solution despite limited peritoneal fibrosis development in
the C57BL/6] background.”® Mechanistically, CX3CR1 enhanced
mesothelial cell TGF-} production in response to macrophages
in vitro. This finding parallels findings on the CX3CRI role in
fibrosis of others organs’’ and decreased renal TGF-f} with
pharmacologic CX3CRI1 inhibition."” However, antifibrotic
CX3CRI1 effects also have been reported.”* > Underlying
mechanisms that result in diverging effects may include local
expression levels of CX3CL1, which was high in the peritoneal
mesothelium, sex differences in receptor regulation, with more
stable signaling in females,"® and the time course of ligand and
receptor expression, as observed in muscle necrosis.”’ For
therapeutic application, low molecular weight CX3CR1 blockers
have been published,49 but commencement of interventional
studies has not yet been reported (clinicaltrials.gov, accessed 18
June 2018). Given the presence of CX3CRI in many cell systems
and the need for continuous application,” extensive safety
testing is mandatory. However, integration into peritoneal dial-
ysate solutions in a nonabsorbable formulation would confer
localized action of a therapeutic anti-CX3CR1 agent.

In summary, our experiments show that CX3CR1 medi-
ates a profibrotic loop in chronic peritoneal fibrosis in vivo by
promoting direct mesothelial activation. CX3CR1 should be
tested further as a new target for preservation of peritoneal
function in persons undergoing PD.

METHODS

Animals

Wild-type C57BL/6, CX3CRI™~ (=CX3CRI®™“"P) and hetero-
zygous CX3CRI™~ mice (all CD45.2 on C57BL/6] background)
and congenic B6.SJL-Ptprc*Pepc’/Boy] (CD45.1) mice (The Jackson
Laboratory, Bar Harbor, ME) genotyped by polymerase chain re-
action were kept in specific-pathogen—free conditions and used in
age- and sex-matched groups. Animal experiments were
approved by the Landesamt fiir Verbraucherschutz und Leb-
ensmittelsicherheit, Lower Saxony, Germany (2082,2117). Full
blood counts were measured in an automated analyzer (vet abc, Scil

d

Animal Care Company, Viernheim, Germany). Surgical procedures
and organ harvest are described in the online supplement.

Murine cell culture and stimulation

A murine mesothelial cell line was generated previously in our lab-
oratory and cultured as described.'' For assessment of CX3CLI1
expression, the murine mesothelial cell line, mouse cardiac endo-
thelial cells (CELLutions Biosystems Inc, Toronto, Ontario, Canada),
or 3T3 murine fibroblasts (ACC59, DSMZ GmbH, Braunschweig,
Germany) were stimulated for 4 hours with 10 ng/ml TNF-a, IL-1B,
interferon-y (PeproTech GmbH, Hamburg, Germany), and/or
TGF-B (R&D Systems, Minneapolis, MN) as indicated.

For macrophage culture, bone marrow cells enriched by adhesion
to plastic for 6 hours were cultured for 7 days in full Roswell Park
Memorial Institute medium. Murine peritoneal macrophages were
recovered by flushing the peritoneal cavity with sterile phosphate-
buffered saline solution and enriched by 6-h adhesion to cell
culture dishes and subsequent washing. Twenty-four hour TGF-f
stimulation (10 ng/ml, BioLegend, San Diego, CA) and cell survival
(Roswell Park Memorial Institute medium without fetal calf serum)
with TGF-B (10 ng/ml) and/or CX3CL1 (20 nM PeproTech, Rocky
Hill, NJ) as indicated was assessed on day 7. Cell proliferation
was measured by CellTracker Orange CMTMR (Thermo Fisher
Scientific, Dreieich, Germany, 10 pM) dye dilution. Sterile 4.25%
glucose lactate-buffered PD dialysis solution (CAPD/DPCA3,
stay-safe, Fresenius Medical Care, Bad Homburg, Germany) or
glucose (42.5 g/l), sodium lactate (3.925 g/l), methylglyoxal (5 and
50 pmol/l) in sterile phosphate-buffered saline solution or sterile
phosphate-buffered saline solution titrated to a pH of 5.0 using
hydrochloric acid (all from Sigma-Aldrich Chemie GmbH, Munich,
Germany) were added as indicated.

For direct co-culture or transwell experiments with macrophages,
murine mesothelial cell line or 3T3 cells were plated into wells or
transwells (BRANDplates Insert Strips, PET membrane 0.4 im, Brand
GmbH + CO KG, Wertheim, Germany). Co-culture with the murine
mesothelial cell line was in full Roswell Park Memorial Institute me-
dium, with 3T3 in full Dulbecco’s modified Eagle’s medium with 15
mmol/l N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid. Bone
marrow—derived macrophages were added at a 1:1 ratio. SMAD3 in-
hibitor (SB431542, 5 UM) and dimethyl sulfoxide controls were used as
indicated. For quantitative polymerase chain reaction analysis after
macrophage—mesothelial cell direct co-culture, co-cultured and control
cells were sorted (FACSAria II, Becton Dickinson, Franklin Lakes, NJ)
into live CD11b* and CD11b~ populations.

|

Figure 6 | (continued) measured after 2 hours (n = 7 donors in independent experiments, Wilcoxon signed rank test). (c) Peritoneal
mesothelial cells in PD effluents were identified as live Podoplanin™CD45°CD11b™ cells and CX3CL1 expression was assessed by

flow cytometry (example and analysis of n = 9 donors, Mann-Whitney test). (d) CX3CL1 expression in cultured human primary

peritoneal mesothelial cells was determined by quantitative polymerase chain reaction after stimulation with recombinant IL-1

(10 ng/ml), TNF-a. (10 ng/ml), or TGF-B1 (10 ng/ml), all combined or carrier control after 4 hours (n = 6 from 3 experiments, Dunn’s tests
after analysis of variance). (e) Peritoneal mesothelium from a healthy control subject and a patient undergoing PD was stained

for CX3CL1 (green, 4,6-diamidino-2-phenylindole [DAPI] nuclear counterstain [blue], original magnification x40 and x63, bars = 100 um
and 10 pm, typical examples). (f) Serum CX3CL1 was determined in patients with non-dialysis dependent chronic kidney disease (CKDIII-IV)
and recent and stable long-term PD patients (n = 12-15, Dunn’s multiple comparison test). (g) TGF-B mRNA expression

was assessed in human primary peritoneal mesothelial cells after 4 hours of stimulation with recombinant IL-18 (10 ng/ml), TNF-a. (10 ng/ml),
and TGF-B1 (n = 6 from 3 experiments, Wilcoxon signed rank test). (h) TGF-B, collagen 1, connective tissue growth factor (CTGF),

and fibronectin (Fn) mRNA was measured after co-culture with peripheral blood mononuclear cells (PBMCs; n = 8 PBMC donors in 4 inde-
pendent experiments, Wilcoxon signed rank tests). ab, antibody; arb, arbitrary; FMO, fluorescence minus one; H&E, hematoxylin and

eosin; MFI, mean fluorescence intensity. To optimize viewing of this image, please see the online version of this article at www.kidney-

international.org.
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Human peripheral blood mononuclear cells and mesothelial
cell culture

Human peripheral blood mononuclear cells from healthy blood
donors, sera for CX3CL1 assessment from patients with chronic
kidney disease and those undergoing PD and peritoneal dialysate,
and membrane samples were obtained after written informed con-
sent according to the declaration of Helsinki and local ethics board
approval (Hanover Medical School 2010/807, 2014/6617). Blood
mononuclear cells were isolated by density gradient centrifugation
(Biocoll 1.077, Biochrom, Berlin, Germany) and stimulated with
recombinant human TGF-f (1 ng/ml) for 2 hours in Roswell Park
Memorial Institute medium as indicated. Peritoneal fluid cells were
concentrated by centrifugation before analysis by flow cytometry.
Adhesion-enriched peritoneal macrophages were rested overnight
before restimulation with PD fluid for 2 hours.

Primary human peritoneal mesothelial cells were isolated as
described'' and used in passages 2-5. They were stimulated for 4
hours with 10 ng/ml recombinant human TNF-a, IL-1B (Pepro-
Tech), and/or TGF-f (BioLegend) as indicated. Co-culture with
peripheral blood mononuclear cells (24 hours, ratio 1:1) and sorting
protocols were as for murine cells.

Enzyme-linked immunosorbent assay

Mouse IL-1p and mouse and human CX3CL1 measurements were
performed in duplicates using Quantikine enzyme-linked immu-
nosorbent assay (R&D Systems) according to the manufacturer’s
instructions. Murine peritoneal lavage was obtained in PD solution
from CX3CRI™" mice undergoing PD and controls (2.4 ml average
volume, not different between groups) because soluble CX3CL1 was
below the detection limit in almost all wild-type mice independent of
therapy (data not shown), possibly indicating receptor binding.”” For
assessment of CX3CL1 concentration in cell culture supernatants,
cells were washed with phosphate-buffered saline solution after 4
hours of stimulation with the indicated cytokines and incubated for
24 hours in fresh medium.

RNA isolation, gene array, and real-time polymerase chain
reaction

RNA was isolated using NucleoSpin RNA II Kit (Macherey-Nagel
GmbH & Co. KG, Duren, Germany) and reversely transcribed with
M-MLV-RT (Promega GmbH, Mannheim, Germany) according to
the manufacturer’s instructions. Real-time polymerase chain reaction
was performed in duplicates on a LightCycler 480 or LightCycler 96
using SYBR Green (Roche, Grenzach-Wyhlen, Germany). Primer
sequences were selected using PrimerBank and are reported in the
Supplementary Methods. Products were confirmed by melting curve
analysis and gel electrophoresis. Data were analyzed with hypoxan-
thine guanine phosphoribosyl transferase (HPRT) as a reference gene
using LinRegPCR software.

Enzymatic digestion of tissues and flow cytometry
Preparation and enzymatic digestion of tissues, antibodies, and other
staining reagents are reported in the Supplementary Methods. Flow
cytometry analysis was performed on a Becton-Dickinson FACS
Canto or LSR II (Becton, Dickinson and Company, Franklin Lakes,
NJ). Data were analyzed using FlowJo software (Tree Star Inc.,
Ashland, OR).

Statistical Analysis
A normal distribution was assumed for continuous biological vari-

ables because most follow a Gaussian distribution. A 2-tailed Student

Kidney International (2019) 95, 1405-1417

t-test was used to compare 2 conditions; the Mann-Whitney test was
used in case of non-normal distribution by the Kolmogorov-
Smirnov test. If more than 2 conditions were compared, Bonferro-
ni’s test of selected conditions or test of linear trend was applied after
analysis of variance, and, in case of normalization of baseline values,
Wilcoxon tests and nonparametric analyses of variance were used as
indicated in the figure legends. P values <0.05 were considered
significant. Data are expressed as mean £+ SEM. P values are indi-
cated as follows: *P < 0.05, **P < 0.01, **P < 0.001.
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SUPPLEMENTARY MATERIAL

Supplementary Methods.

Table S1. Characteristics of wild-type and CX3CR1~~ mice after 6
weeks of peritoneal dialysis.

Table S2. Characteristics of patients with chronic kidney disease and
patients undergoing peritoneal dialysis.

Figure S1. Peritoneal dialysis (PD) fluid does not affect CX3CL1
expression in the mesothelium. Mouse peritoneal mesothelial cells
were stimulated with a combination of interleukin (IL)-1f, tumor
necrosis factor (TNF)-a, and transforming growth factor (TGF)- or left
as controls in the presence or absence of 25% PD fluid
supplementation to the growth media for 4 hours. CX3CL1 mRNA was
assessed by quantitative polymerase chain reaction (n = 3
independent experiments, Bonferroni after analysis of variance).
Figure S2. CX3CR1 expressing leukocytes in the peritoneal wall.
Peritoneal wall leukocytes expressing CX3CR1 reporter green
fluorescent protein were assessed for myeloid cell marker CD11b, T-
cell marker CD3, natural killer cell marker NK 1.1, and B-cell marker
CD19 in resting mice and 16 hours and 4 days (d4) after injection of
peritoneal dialysis (PD) solution (n = 5-6 per time point from 2
independent experiments).

Figure S3. No evidence of enhanced apoptosis in the absence of
CX3CR1 with and without transforming growth factor (TGF)- and
fractalkine (CX3CL1) exposition in vitro. (A,B) Apoptosis of bone
marrow—derived CX3CR1*~ (A) and CX3CR1™~ (B) macrophages was
assessed by annexin V staining after 24 hours of serum starvation
with and without recombinant TGF-B3 (10 ng/ml) and fractalkine (20
nM) as indicated (gated for CD11b™ live cells, n = 6 from 3 inde-
pendent experiments, one-way analysis of variance).

Figure S4. Bone marrow stem cell differentiation in CX3CR1*"~ and
CX3CR1™~ mice after 6 weeks of peritoneal dialysis (PD) treatment.
(A-E) Hematopoietic progenitors were gated as indicated for
hematopoietic stem cells (HSCs, B), myeloid progenitors (MPs, C),
common myeloid progenitors (CMPs, D) and granulocyte
macrophage progenitors (GMPs, E) in bone marrow. (B-E) Counts
were assessed in control mice and mice after 6 weeks of PD (n = 7-9
per group from 2 independent experiments, Bonferroni after one-way
analysis of variance).

Figure S5. Bone-marrow-derived CX3CR1"~ and CX3CR1”~ macro-
phage proliferation in the presence and absence of transforming
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growth factor (TGF)-B and fractalkine in vitro. Bone marrow mono-
nuclear cells were stained with CellTracker Orange (Thermo Fisher
Scientific, Dreieich, Germany), and proliferation was assessed by
measurement of marker dilution after 6 days of being cultured in the
presence or absence of recombinant fractalkine (20 nM) and TGF-3
(10 ng/ml) and as indicated (n = 6 from 3 independent experiments,
t-tests).

Figure S6. Monocyte proliferation after peritoneal dialysis and in
resting CX3CR1*~ and CX3CR1™~ mice. (A-F) Ki67 proliferation
marker expression was assessed in CX3CR1™~ and CX3CR1"~ mice
after 6 weeks of peritoneal dialysis (A-C) and at rest (D-F) in bone
marrow (A,D), peripheral blood (B,E), peritoneal wall (C,F) monocytes
(A,B,D,E) and myeloid phagocytes (C,F) and their subtypes as
indicated (n = 7-8 per group from 2 independent experiments, t-
tests).

Figure S7. Peritoneal wall leukocytes after 6 weeks’ exposure to
peritoneal dialysis fluid. (A-E) Peritoneal wall leukocytes were
assessed by flow cytometry after enzymatic tissue digestion in
CX3CR17~ and wild-type mice after 6 weeks of peritoneal dialysis (PD)
compared with untreated controls. Gating for live cells and sub-
groups was performed as depicted in (A) using the spleen as positive
control for lymphocyte stainings. Counts of all live CD45™ leukocytes
(B), CD11b™ myeloid cells (C), aBTCRT T cells (D), and CD19™" B cells
(E) did not differ significantly between the groups (n = 10-14/PD
group, 3 independent experiments, analysis of variance).

Figure S8. Peritoneal wall and lavage leukocytes after short-term
exposure to peritoneal dialysis (PD) fluid. Peritoneal wall (A-D) and
peritoneal lavage (E-G) leukocytes were assessed for myeloid cell
marker CD11b, T-cell marker CD3, natural killer cell marker NK 1.1, and
B-cell marker CD19 in resting mice and 16 hours and 4 days (d4) after
injection of PD solution (n = 5-6 per time point from 2 independent
experiments).

Figure S9. Peripheral blood monocyte counts during peritoneal
dialysis (PD) treatment. (A) Blood monocytes in mice defined by
CD115 expression were subdivided in Gr1M9"CD11c°¥CX3CR1"°" and
Gr1'°"cD11cMIPCX3CR1M9" cells. This is aided by green fluorescent
protein (GFP) reporter gene expression under the CX3CR1 promoter
with different signal intensity in CX3CR7™~ and CX3CR1"~ mice
(examples). (B-F) CX3CRT™~ and wild-type mice were treated with
peritoneal solution daily for 6 weeks and blood monocytes were
assessed by an automated analyzer and flow cytometry.

Total monocyte counts (B), relative (C,D) and absolute (E,F)
Gr1"9"CD11c*“CX3CR1'Y (C,E) and Gr1'°CD11c""CX3CR1"" (D,F)
concentrations are shown (n = 14-15 per group, 2-way analysis of
variance results for genotype).

Figure S10. Effect of peritoneal dialysis (PD) fluid on macrophage
CX3CR1 expression. Mouse bone marrow-derived (A) and primary
peritoneal (B) macrophages were exposed to PD fluid (50%, 50% full
Roswell Park Memorial Institute medium) for the indicated periods.
CX3CR1 expression was studied by quantitative polymerase chain
reaction (A, n = 6, 4 independent experiments, Dunnett’s after
analysis of variance; B, n = 5 independent experiments, t-test).
Figure S11. Macrophage cytokine expression in response to
co-culture with mesothelial cells. (A-C) Interleukin (IL)-1p (A), tumor
necrosis factor (TNF)-o. (B) and transforming growth factor (TGF)-f (C)
cytokine expression in wild-type (wt) and CX3CR1~~ macrophages
was determined after 24 hours of co-culture with peritoneal meso-
thelial cells (n = 4-5 independent experiments, paired t-tests).
Figure S12. Time course of human peritoneal mesothelial cell
CX3CL1 mRNA expression in response to stimulation with interleukin
(IL)-1PB. Human primary peritoneal mesothelial cells were stimulated
with recombinant IL-1B (10 ng/ml) for the indicated periods and
CX3CLT mRNA expression level was determined by quantitative
polymerase chain reaction (n = 4, Dunn’s after analysis of variance).
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Supplementary material is linked to the online version of the paper at
www.kidney-international.org.
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